Abstract. Neo-vascularization is essential for tumor growth and metastasis and is presumably initiated by bone marrowderived endothelial progenitor cells (BM-EPCs). These cells predominantly reside in the bone marrow and are recruited at sites of inflammation, tissue damage and tumors. The tissuespecific factors responsible for recruitment of BM-EPCs and neo-vascularization are the subject of intense investigation. Using bone marrow cells from Tek/green fluorescent protein (GFP) transgenic mice, we analyzed the effect of estrogen on the mobilization of BM-EPCs to orthotopically implanted cancer cells in estrogen-and non-estrogen-supplemented ovariectomized mice. The donor marrow cells were unique as they were fluorescently tagged, allowing for the tracking of their migration to the tumor tissues. Results showed that GFP + BM-EPCs were incorporated within the tumor vasculature in comparison to the sham injections. Notably, estrogen supplementation enhanced the mobilization of BM-EPCs to the tumor site. This elevation shows that estrogen may affect tumor neo-vascularization by inducing the mobilization of BM-EPCs. Understanding and characterizing the mechanism involved in the estrogen-induced mobilization of BM-EPCs may serve as a 'Trojan horse' in the delivery of bio-molecules that may disrupt tumor vasculogenesis and induce the targeted killing of tumor cells.
Introduction
Estrogens are steroid hormones that play a crucial role in the growth, differentiation and function of sexual and reproductive organs. Estrogens are produced naturally by the body as three biochemically distinct hormones, estrone, 17β-estradiol and estriol, with 17β-estradiol being the key and most potent estrogen in human tissues. Estrogens are metabolized to 2-hydroxyestrone (2-OHE1) and 16-αhydroxyestrone , and their relative concentrations in the female body, based on their estrogen agonist 16-OHE1 or antagonist 2-OHE1 activity, were reported to increase a female individual's risk for breast, uterine and other hormonally induced cancers (1) . The cellular activity of estrogen is known to be mediated by its interaction with its receptors, either estrogen receptor (ER)-α or ER-β, resulting in an induction of the growth regulator signal transduction pathway (2) (3) (4) . Estrogen mediates cell proliferation via the genomic pathway by inducing the transcription of various genes, such as c-jun, c-myc and c-fos, and growth factors, as well as having a direct impact on cyclins that regulate the cell cycle (5) . Furthermore, the non-genomic pathways cause the binding of estrogen to either membrane-bound estrogen receptor, resulting in the activation of a number of intracellular signaling pathways, such as PI3K/Akt and ERK, which upon activation lead to anti-apoptotic signals (6) (7) (8) . Malignant transformation of cells may lead to the dysregulation of ER signaling, resulting in evasion of apoptosis, self-induced growth signals and clonogenicity, and ultimately malignant transformation (2, 6) .
Apart from epithelial cell proliferation and growth, estrogen also modulates endothelial cell growth, tubulogenesis and angiogenesis (9) . Angiogenesis is an indispensable process for tumor growth and metastasis involving the sprouting of new blood vessels from pre-existing capillaries (9) . On the other hand, neo-vascularization involves the generation of new blood vessels from endothelial progenitor cells. Bone marrow-derived endothelial progenitor cells (BM-EPCs) which normally reside in the bone marrow are significant mediators of neo-vascularization (10) . BM-EPCs have the potential of proliferating, mobilizing and differentiating into mature endothelial cells in response to pro-angiogenic factors, such as vascular endothelial growth factor (VEGF) and matrix metalloproteinases (MMPs) (10) (11) (12) (13) (14) (15) . Under normal conditions, the generation of new vessels is regulated by a complex interaction network of activators and inhibitors of angiogenesis. However, in case of inflammation, injury or cancer, this balance between pro-and anti-angiogenic factors is tilted towards the pro-angiogenic factors. This leads to mobilization, homing and incorporation of BM-EPCs at the diseased site, remodeling of the extracellular matrix and anastomoses of surrounding pre-existing and new vessels, resulting in neo-vascularization (10) (11) (12) (13) (14) (15) . Recently, estrogen was found to act as a mobilizing agent for breast cancer-responsive neo-vascularization (16).
Estradiol-mediated tumor neo-vascularization
Increased angiogenesis, a major process crucial for the development of new blood vessels, was extensively observed in thyroid proliferative disease including Graves' disease, hyperplastic goiter and thyroid cancer (17) . Over 200 million people worldwide are affected by thyroid proliferative disease (TPD), which includes hypothyroidism, hyperthyroidism, adenoma, goiter and cancer, and their incidences have been on the increase, particularly among women (18) . Notably, according to the American Thyroid Association, one in every eight female individuals are likely to develop some type of thyroid disorder in their lifetime (19) . Observational studies indicate that pregnancy, oral contraceptives and estrogen replacement therapy increase the risk of TPD with a decrease in the risk of thyroid malignancies following menopause (20) . This marked gender bias warrants investigation into the factors, most obviously estrogen, that make 'being female' such a high risk factor for TPD. A recent study from our laboratory, as well as studies from the literature provide evidence that thyroid cells express the functional estrogen receptor and are estrogen-responsive (21) (22) (23) . Estrogen potentially modulates the metastasis of thyroid cancer cells, although the role of estrogen in thyroid neo-vascularization remains to be determined (23) . Based on the past literature and our findings, the present study was designed to examine the contribution of estrogen in BM-EPC mobilization towards implanted transformed cells using the well-characterized Tie2/green fluorescent protein (GFP) in vivo model. In this model, BM-EPCs express GFP under the transcriptional control of endothelial cell-specific tyrosine kinase promoter Tek. It was found that estrogen mobilized BM-EPCs to the tumor site and mediated neo-vascularization in an in vivo-based experimental system.
Materials and methods
Cell culture. KAT50-TS cells were provided by Dr Kenneth B. Ain (VA Medical Center, Lexington, KY, USA). This cell line has been misidentified as being of thyroid origin (24) . However, DNA profiling using the Identifier kit from Applied Biosystems (data not shown) confirmed that HT-29(50-TS) is not of thyroid cancer origin but matches the short tandem repeat (STR) profile of the HT-29 colorectal cancer cell line. Thus, by our own convention, the cell line name HT-29(50-TS) was designated. This name identifies the parent cell line, but distinguishes the two cell lines as unique sublines that may exhibit differential responses compared to similar treatments of HT-29 in another laboratory. Irrespective of the origin, the cancer cells grow well in thyroid tissue, and our experimental results remain validated. Cells were cultured in phenol red-free RPMI-1640 (Mediatech, Herndon, VA, USA) supplemented with 10% fetal bovine serum (FBS; Atlanta Biologicals, Lawrenceville, GA, USA), penicillin 10,000 IU/ml, streptomycin 10,000 µg/ml (Mediatech), 2 mM L-glutamine (Mediatech), 100 mM MEM sodium pyruvate solution (Mediatech) and 10 mM MEM non-essential amino acid solution (Mediatech).
Western blot analysis. Human tumor cells were routinely maintained in culture and harvested using trypsin, and then washed with phophate-buffered saline (PBS) twice. Cytoplasmic and nuclear lysates were prepared using the NE-PER nuclear and cytoplasmic extraction reagent kit by Pierce (Rockford, IL, USA). The cytoplasmic and nuclear fractions were separated according to the manufacturer's instructions. Western blot analysis was then performed for anti-ER-α and anti-ER-β antibodies (Santa Cruz Biotechnology, Santa Cruz, CA, USA).
Trypan blue experiment. Cells (1x10 5 ) were plated in complete medium in 6-well culture dishes and were allowed to adhere overnight. The following day the cells were washed with PBS, starved using serum-and phenol red-free medium, 10% charcoal stripped FBS (Sigma Chemical Co., St. Louis, MO, USA) and penicillin 10,000 IU/ml for 24 h or left in 10% FBS as the control. Subsequently, cells were treated with 10 -8 M estradiol (E 2 ) (Sigma Chemical Co.) or left untreated as the control. After 24 h, the cells were harvested and stained using 0.4% trypan blue solution (Sigma Chemical Co.). The number of viable (unstained) and dead (stained) cells was counted using a hemocytometer, and the stimulation of cell growth by E 2 was calculated as the increase in viable cell count for cells treated with E 2 relative to the control cells. Experimental model. Mice were grouped as follows: non-ovariectomized (intact), ovariectomized (OVX) and ovariectomized + estrogen-supplemented (OVX + E 2 ). Estrogen supplementation was administered by implantation of a 90-day release pellet containing 1.7 mg 17β-estradiol (Innovative Research of America, Sarasota, FL, USA). Seven days later, human cancer cells (100x10 6 cells per ml) were injected in 5 µl aliquots into the right thyroid lobe of the OVX and OVX + E 2 ) mouse. On the other hand, control mice received 5 µl of PBS as a sham injection. One week following the human cancer cell injections, bone marrow obtained from the Tek/ GFP transgenic mice was harvested, and bone marrow cells (4x10 6 cells in 0.1 ml of saline) were transplanted via tail vein injection to all of the mice. The donor marrow cells are unique in that they were populated by BM-EPCs expressing GFP under the transcriptional control of endothelial cell-specific promoter Tek (formerly Tie2). Since these endothelial cells are GFP-tagged, their migration from the marrow to tissues were tracked. No animals met the criteria for sacrifice prior to the end of the treatment period. After a total of two weeks following the tumor cell injections, the mice were sacrificed, and the cervical trachea along with the normal contralateral thyroid gland and thyroid tumors were harvested and mounted into frozen sections prepared for light microscopy and immunofluorescence microscopy.
Immunofluorescent analysis. Capillaries were identified as tubular structures positive for isolectin B4. BM-EPCs were identified as attached spindle-shaped cells, double-positive for GFP and isolectin B4. The number of double-positive cells in 15 fields under x20 magnification was counted per sample in a blinded manner.
Results
Estrogen modulates its effects at cellular levels via estrogen receptors. As an initial step in the investigation of the estrogenmediated tumor responsiveness of BM-EPCs, we ascertained the presence of estrogen receptors in the human tumor cells used in the present study. Western blot analysis of the nuclear and cytoplasmic extracts of the implanted tumor cells revealed that the two isoforms of estrogen receptors, ER-α and ER-β, were present in the cell line (Fig. 1A) . The presence of estrogen receptors was also validated by their responsiveness to estradiol-mediated enhancement of proliferation (Fig. 1B) .
Previous studies implicated estrogen in the onset of angiogenesis and neo-vascularization in estrogen-responsive tissues, such as breast, including a study from our laboratory. Results of our previous study showed that estradiol mobilizes breast cancer-responsive BM-EPCs, initiating neo-vascularization. In the present study, the ability of estrogen to mobilize BM-EPCs towards implanted human cancer cells in the thyroid gland was investigated. Ovariectomized female BALB/c nude mice were supplemented with or without estradiol pellets. After 7 days of estradiol supplementation, mice were injected with human cancer cells, and at day 14, tail vein injections of BM-EPCs isolated from Tek/GFP transgenic mice were administered. Mice were sacrificed after 21 days, and tumors were harvested and analyzed by light microscopy and immunofluorescence microscopy. The implantation of 5x10 5 cancer cells/mouse resulted in 100% tumor incidence for all groups of mice, with the histology of the tumors being consistent among the groups (Fig. 2) .
Tek + GFP + cells were counted as a representative population of BM-EPCs. Since these cells were also GFP-tagged, their migratory pattern in response to tumor growth and estradiol were easily traced. Capillaries were identified as tubular structures positive for isolectin B4, a marker for progenitor cells of endothelial origin. Tumor xenografts exhibited more BM-EPC mobilization in comparison to the sham-injected group, suggesting that the tumors secreted various paracrine factors that mobilized tumor-responsive BM-EPCS (Fig. 3) . Furthermore, increased numbers of BM-EPCs were incorporated into the tumor neo-vasculature compared to the sham-injected group, suggesting that not only do EPCs home to the tumor but physically associate to the blood vessels (Fig. 4) . This homing of the EPCs to the tumor tissue was considerably enhanced in the estrogen-supplemented mice compared to the non-estrogen-supplemented tumor-injected group (Fig. 5) . In contrast, in the absence of estrogen supplementation or tumor inoculation, few injected BM-EPCs mobilized to the tumor tissue (Fig. 3B) . These data indicate that the use of estradiol resulted in an enhanced recruitment of BM-derived cells to the neo-vasculature of the tumor gland.
Discussion
Angiogenesis is a critical event for normal growth and development as well as malignant growth and metastasis. The process occurs throughout our lifespan beginning as early as embryogenesis and is ongoing throughout postnatal life. Previous studies found that the mechanism of embryogenic angiogenesis is different from that which occurs in adults, commonly termed as postnatal vasculogenesis and neo-vascularization (13) . Neo-vascularization is a process noted in the revascularization of ischemic tissue and wound healing, as well as a number of diseases, such as diabetic retinopathy and more recently in various types of cancer (25) . Endothelial progenitor cells, which are mainly located in the bone marrow niche postnatally, play a crucial role in the process of neo-vascularization. These cells are phenotypically characterized as CD34 + , CD133 + and VEGF receptor 2 + (VEGFR-2 + , also known as KDR or Flk1) (26) . The process involves the release of endothelial progenitor cells from the bone marrow to the blood circulation in response to various signals, including stimuli produced by cancer cells, followed by homing to the source, and in the case of tumor signals, to the tumor bed. Progenitor stem cells then differentiate into mature endothelial cells, assisting in ongoing vascular development and angiogenesis.
Various endogenous and exogenous factors have the potential to mobilize EPCs from the bone marrow to blood circulation. Growth factors, cytokines, colony-stimulating factor, VEGF and GM-CSF are significant endogenous factors that mobilize EPCs and promote angiogenesis as well as neovascularization (27) . Cholesterol-lowering drugs [HMG-COA reductase inhibitors (statins)] and the peroxisome proliferatoractivated receptor-γ (PPAR-γ) agonist are major exogenous factors that enhance the mobilization of EPCs and induce angiogenesis (28) . Extreme physical exercise is also reported to increase EPC mobilization and vascular functions in humans (28) . Counterattacking these pro-angiogenic factors and blocking the mobilization of BM-EPCs inhibits the growth and metastasis of tumors. This process indicates a strong potential for cancer treatment and has been identified as a potential target for antitumor therapies. Recent therapeutic trials have attempted to harness this potential for neo-vascularization into treatment protocols (29, 30) .
It is believed that the cancer-promoting properties of estrogen stem from the effects of various pro-survival pathways that are activated by the binding of estrogen to its receptor. The correlation of estrogen exposure to the thyroid gland and its contribution to TPD is lacking. There is an obvious gender bias in thyroid cancer, alluding to the putative role of estrogen. Our data aimed to clarify this relationship by utilizing a body of evidence indicating BM-EPCs as significant factors involved in neo-vascularization. In this context, our data revealed that BM-EPCs homed to xenograft tumors inducing neo-vascularization in our in vivo model. Furthermore, this tumor-responsive homing of BM-EPCs to the tumor site was greatly enhanced by estradiol by potentially secreting endothelial and tumor-enhancing factors. Considering that thyroid vascularization is seminal in thyroid proliferative disease, our findings may have clinical utility in using BM-EPCs as a potential 'Trojan horse' by which to deliver bio-molecules that disrupt tumor vasculogenesis and induce the targeted killing of tumor cells.
